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Abstract 

It has been claimed that decoherence of open quantum systems explains the tendency of macroscopic 
systems to exhibit quasiclassical behavior. We show that gwaszclassicality is in fact an unremark- 
able property, characterizing generic subsystems of environments even in the absence of dynamical 
decoherence. It is suggested that decoherence is best regarded as explaining the persistence of true 
classicality, rather than the emergence, rather than the emergence of quasiclassicality. 

Key words: decoherence, classical, quasiclassical, emergence 
PACS: 03.65.Ta, 03.65.Yz, 05.30.Ch, 98.80.Qc 



1. Introduction 

Over the last four decades [H, the study of decoherence has begun to shed light on the effects 
of the interaction of open quantum systems with their environments. It has been shown that, 
for some interesting model systems, certain pure states, sometimes called pointer states 
survive interaction with the environment without losing their coherence or purity. This in turn 
implies that superpositions of these states lose coherence in such a way that the result is an inco- 
herent, improper mixture of such states which is approximately stable. The fact that macroscopic 
subsystems interacting with an appropriate environment can be seen to exhibit decoherence in a 
preferred basis, along with the fact that the basis in question often corresponds to a paradigmati- 
cally classical observable such as position, has led to claims that "the classical structure of phase 
space emerges from the quantum Hilbert space in the appropriate limit" ; that "the appearance of 
classicality is therefore grounded in the structure of the physical laws governing the system-system 
environment interactions" Q ; and that "there are strong signs that the transition [from quantum to 
classical] can be understood as something that emerges quite naturally and inevitably from quan- 
tum theory" 0. Other, similar claims lie ready to hand [slQ. Thus classicality is supposed not 
to be endemic to quantum theory, but to emerge naturally via certain natural interactions when 
sufficiently macroscopic objects interact with their environment. 

Criticisms of the decoherence program (see e.g. [l3]) have to date focused largely on the fact 
that the phenomenon in question is only known to occur for certain model Hamiltonians. If the 
properties of these Hamiltonians are not generic, then the possibility of a general explanation of 
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the emergence of classicality is undermined. The concern of this paper is, however, orthogonaL 
Rather than contesting the generahty of the models under consideration, we will focus on a single 
canonical model - the central-spin model - and show that the features which the central spin attains 
via the decoherence process are equally features of the subsystems of its environment, implying that 
there is nothing especially interesting about the quasiclassicality which is supposed to characterize 
the central spin in the wake of decoherence. The truly classical states, in the sense considered 
here, will be shown to be the pointer states themselves, states which by definition do not undergo 
decoherence. 

2. Decoherence and classicality 

The process of decoherence works roughly as follows. Consider a subsystem S with (pure) state 
ip^ interacting with an environment E with state . If the subsystem is sufficiently macroscopic, 
and if the Hamiltonian governing the combined evolution of subsystem and environment is appropri- 
ate, then the environment as a whole acts as a kind of measuring device, in that the effective state of 
the environment (given by its reduced density matrix) will reliably become correlated with certain 
subsystem observables. Which properties of the system are "measured" by the environment - which 
observables (if any) become nontrivially correlated - will depend on the Hamiltonian, including the 
self-Hamiltonians of system and of environment . Eigenstates of the subsystem observables 

in question, the pointer states, will be stable or approximately stable under such measurement-like 
interactions, while arbitrary superpositions of pointer states will evolve into improper mixtures of 
those states as a result of the environment's correlation with the pointer observable. The tendency 
for the reduced density matrix of the subsystem to be driven into a small subset of the avail- 
able states by the environment is called einselection, short for environment induced superselection 
[3i][5]. Decoherence, then, refers to the process by which pure states lose their coherence, and more 
particularly to a process which favors a particular basis. 

What does this all have to do with classicality? The driving idea is that classicality has to do 
with the stability over time of typical classical observables such as position, momentum, or energy^ 
Thus if we have an interaction which picks out position eigenstates of a certain subsystem as pointer 
states, then the subsystem may be said behave classically in case it is in one of the pointer states, 
since it can be predicted to have a definite trajectory in space. Indeed, this is quite similar to 
the "criterion of reality" stipulated by Einstein, Podolsky and Rosen [ij], whereby a property is 
attributable to a system if it can be said to possess that property with certainty. 

Associating the unambiguous possession a particular property with classicality is unexception- 
able, but the claims in the decoherence literature typically associate a more general kind of clas- 
sicality, sometimes distinguished as "quasiclassicality" [6] with a larger class of subsystems, those 
described by improper mixtures of pointer states. The idea behind calling such states "quasiclas- 
sical" seems to be that they behave like ensembles of classical subsystems with respect to the 
observable of interest. Interference effects in particular are wiped out. For example, consider a 
two-slit interference experiment with electrons. The introduction of an appropriate environment 
such as dust or visible light has the effect of inducing decoherence and destroying the interference 
pattern, and the electrons furthermore behave as if they are members of a classical ensemble of 
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particles, some of which emerge from one slit and some from the other. Thus the observed behavior 
of the electrons has affinities with the behavior of particles described by classical mechanics, and is 
said to be quasiclassical. The "quasi" is in place because the mixture refers, not to actual ensemble, 
but to a single system, having been obtained by tracing out the environmental degrees of freedom 
with which it is entangled. 

Perhaps the simplest example of a system which exhibits decoherence to a preferred basis is the 
central spin model. Here we find that the central spin, initially in a pure state, evolves into an 
incoherent mixture of z eigenstates, unless, that is, the initial state is itself a z eigenstate. What 
we will show is that an arbitrary state of the spin's environment - an arbitrary state of any other 
spin - is also an incoherent mixture of z eigenstates. Thus what is offered as a distinctive feature 
of the central spin turns out to be a generic feature of an arbitrary subsystem. Thus the supposed 
property of quasiclassicality is better thought of as a generic feature of quantum states, one which 
has to do with the fact that on any reasonable measure, most subsystems are massively entangled 
with other subsystems, and thus "already-decohered" . 

2.1. Example: Central spin model 

Consider for example the so-called central spin model 's] in which one contemplates a system 
consisting of A^-|-l two-level systems, N of which are coupled to a central spin S via the Hamiltonian 

1 

yi— 1 i'^i 

where li is the identity operator for the i'th system. (Here there is no macroscopic/microscopic 
distinction; rather, the distinctive dynamical role of the central spin singles it out as special.) An 
initial pure state of the form 

^^a\+z)\Eo)+(3\-z)\Eo) (1) 

will, via the unitary evolution U(t) = e"'^* generated by this Hamiltonian, evolve toward an 
entangled state ip{t) = a \+z) \E+{t)) + /3\—z) After a sufficient amount of time td has 

passed, w 0, and the reduced density matrix of the central spin will be well-approximated 

by 

= a^\+z){+z\+P^\-^){~z\- (2) 

One can represent this evolution on the Bloch sphere as the evolution of initially pure states of 
the central qubit (the surface of the sphere), evolving, modulo extremely unlikely Poincare-type 
fluctuations, toward a narrow ellipse along the z axis: 



3 



+z 







z_ ^ 1 


1 ^ _\ 



























+x 



FIG 1 (color online): Evolution of the central spin. Points away from the z axis move toward it 

along z — constant surfaces. 

Though it is no surprise that a subsystem should lose coherence upon interaction with its envi- 
ronment, and thus move away from the surface of the Bloch sphere, we have here in addition the 
phenomenon of einselection, in which the loss of coherence occurs in a preferred direction. In par- 
ticular, the loss of purity is proportional to the angle with the z axis, with the pointer states \+z) 
and \—z) suffering no loss whatsoever. 

3. Properties of the environment 

The superselection of a preferred set of states corresponding to eigenstates or near-eigenstates 
of typical classical observables is, on the face of it, an interesting phenomenon suggestive of an 
emergent quasiclassicality. What we will now show is that in fact, typical quantum subsystems are 
in many cases already in such states - they are already decohered. 

Let us proceed by looking at the central spin example in more detail. The initial state of 
the environment, denoted \Eq) above, is a pure state about which we have no information a priori. 
(Note that, in contrast to our earlier treatment [l5| . we are granting the assumption that the system 
and the environment are initially in a product state.) A "proper" mixture expressing our ignorance 
is represented by the density matrix 

d 

2 — 1 

where d = 2" is the dimension of the Hilbert space of the n qubits that make up the environment, 
and where the \tjji) are orthonormal basis vectors for this space. This corresponds to an unbiased 
probability distribution with respect to the unitarily invariant Haar measure, reflecting our complete 
ignorance as to which pure state the system is in at the outset. It is "maximally-mixed", exhibiting 
random behavior with respect to any choice of observable, and its von Neumann entropy is therefore 
maximal. 

Let us now inquire as to the description of an arbitrarily chosen subsystem ei of the environment 
E, where He = H^^ (g) ... ® H^.^, corresponding to the n spins which make up the environment. 
Given the mixture ^Ie, the effective state of ei is the reduced state ile^ — Trj^flE, where E refers 
to the rest of the environment (_ff^ = ... (8) -ffe„)- Since fig is a multiple of the identity, so 
too is riei ; both are maximally mixed states. 
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Suppose, now, the environment starts out in some particular unknown pure state pE- We 
can think of this, if we hke, as obtained by random sampHng from the distribution ^e- Thus a 
particular environmental spin eiwill be described by the density matrix pe^ = Trj^pE- It may be 
in a pure state, or a mixed state, but it is more likely to be in a mixed state. In fact, it has been 
shown 13] l3| that the state of the subsystem pe^ will be almost indistinguishable from the state 



ilei- More specifically, the average value of the "trace distance" D{p,n) := ^Tr{\p - n\) 
between the two states is bounded by 

0<{D{p,^,n^))<^.U^ (3) 

y E 

(where dei andd^ are respectively the dimensions of ei andi?), so that £'(pej , fiei) ~ for almost all 
states pei ■ In other words, if one takes an arbitrary pure state of the environment, then an arbitrary 
small subsystem of the environment will be very well approximated by a maximally mixed state. 
A fortiori, in the case of the central spin model, an environmental spin will, with overwhelming 
likelihood, live in the superselection sector. This is a purely kinematic fact, involving no dynamics, 
no loss of quantum coherence. One might, in the manner of John Wheeler, call this decoherence 
without decoherence. 

It is also salient to note that this feature of subsystems survives the decohering interaction, for 
the simple reason that the ensemble from which it is drawn - in this case ilei ~ remains maxi- 
mally mixed throughout the evolution. Thus environmental subsystems will, with overwhelming 
probability, reside in the superselection sector which is supposed to be characteristic of "classical" 
systems, and will remain there indefinitely. 



4. Classicality revisited 

What we have shown is straightforward to the point of being obvious, in retrospect. In the 
model under consideration, the central spin will evolve from an initially pure state into a state 
which resides in the ostensibly quasiclassical superselection sector, while a random environmental 
spin will almost always be found in this superselection sector. This implies that guasiclassicality 
is not a particularly interesting property. 

What is interesting, on the other hand, is classicality simpliciter, in which the quantum state 
assigns the system a definite value over time. This is of course characteristic of the pointer states, 
but not of superpositions thereof, and not of environmental spins. What "decoherence" does to 
pointer states is in fact to maintain their classicality by precluding a loss of coherence. Decoherence 
does not explain the emergence of classicality, but its persistence. It does so by preventing the loss 
of coherence in the basis of one or more observables. The emergence of classicality, on the other 
hand, appears to await a resolution of the so-called "measurement problem" - only when physical 
properties take on definite values does one have something resembling a classical world. 
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